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OP'I‘OELECI‘RIC LOGIC ARRAY 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to optoelectronic logic and 

especially to such logic which avoids the use of invert 
ers. - 

2. Discussion of Related Art 
There is a fundamental difference between optical 

circuits, in which the information carriers are photons, 
and electronic circuits, where the carriers are electrons. 
In the former case the carriers do not interact with each 
other, while in the latter they do. This means that in 
optical devices there exist interconnect possibilities that 
do not exist with electronic hardware, in particular, 
interconnected parallel architectures which permit digi 
tal arithmetic and logic operations to be performed in a 
completely parallel, single step process. After the inputs 
are switched on, the output appears in the time it takes 
a photon to transit the device. No faster computation 
time is possible. 

Optoelectronic logic circuits have been suggested in 
the past. For example, MacDonald et al. US. Pat. No. 
4,506,151 discloses logic circuits which employ photo 
responsive ?eld effect transistors to directly drive laser 
diodes to provide optical output signals in response to 
optical input signals. However, such known optoelec 
tronic circuits suffer from the defect that electronic 
inverters are used. The use of inverters limits the depth 
of logic that can be obtained before a conversion back 
to optics is necessary. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide an 
optoelectric logic circuit using logic variables and their 
complements to allow a complete logic set to be pro 
duced from AND gates and OR gates followed by a 
single back conversion to optics. This permits a depth 
and complexity of logic which is limited primarily by 
signal to noise considerations. 
Another object of the present invention is to provide 

a combinational logic circuit using photoconductive 
detectors with very low capacitance, large dynamic 
range and high speed. 
Another object of the present invention is to provide 

a combinational logic circuit which uses photoconduc 
tive detectors employing bipolar currents so that the 
device operates at the same switching speed indepen 
dent of the depth of the logic. 

In accordance with the above and other objects, the 
present invention includes a semiconductor substrate, 
element de?ning structure for de?ning a plurality of 
photoconductive elements in the semiconductive sub 
strate, connecting structure for connecting the photo 
conductive elements to form combinational logic gates, 
light directing structure positioned above the semicon 
ductor substrate for directing light representing logic 
parameters to the logic gates, wherein the combina 
tional logic gates have complementary inputs and com 
plementary outputs such that combinational logic can 
be carried out using only AND and OR gates. 
The element de?ning structure and the connecting 

structure may comprise a metallization layer over the 
semiconductor substrate. The light directing structure 
comprises an optical substrate having a plurality of 
waveguides over the metallization layer. The wave 
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2 
guides include scattering patches positioned over cer 
tain of the logic gates. 
The element de?ning structure comprises a pair of 

spaced metal electrodes having interdigitated ?ngers. 
The metal electrodes are spaced by a distance of less 
than 5 microns. 
The connecting structure connects a plurality of the 

photoconductive elements in series to form an AND 
gate. The connecting structure also connects a plurality 
of the photoconductive elements in parallel to form an 
OR gate. Alternatively, OR gates can be formed by 
providing multiple optical inputs to a single photocon 
ductive element. . 

The complementary outputs may include paired light 
emitting elements. 
The light directing structure may include inputs for 

parameters, complements of parameters and control 
signals. The control signals are directed to photocon 
ductive elements in series with combinational logic 
gates to control their outputs. In this manner, a pro 
grammable logic array is provided. 
The present invention may also be characterized as a 

method carried out in an optoelectric combinational 
logic circuit having photoelectric elements connected 
to form AND and OR gates of illuminating the photoe 
lectric elements with optical signals representing input 
parameters and their complements, and producing out 
put signals representing output parameters and their 
complements based on the combinational logic. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will become more clearly understood 
from the detailed description below, with reference to 
the accompanying drawings, in which like reference 
numerals are used to indicate similar components 
throughout, and in which: ‘ 
FIG. 1 is top plan view of one photodetector element 

according to the present invention. 
FIG. 2 is a cross sectional view of the photodetector 

element of FIG. 1. 
FIG. 3 is a schematic of a multiple input AND gate 

according to the present invention. ‘ 
FIG. 4 is a schematic of a multiple input OR gate 

according to the present invention. 
FIG. 5 is a schematic demonstrating the operation of 

a ?rst embodiment of a complementary output used in 
the present invention. 
FIG. 6 is a schematic depicting an edge output used 

in the present invention. 
FIG. 7 is a schematic showing an optical switch 

which can be used to produce a complementary output. 
FIG. 8 is a schematic showing the interface of the 

optical switch of FIG. 7 with a logic circuit according 
to the present invention. 
FIG. 9 is a schematic plan view of an optoelectronic 

substrate used in the present invention. 
FIG. 10 is a schematic plan view of an optical sub 

strate used in the present invention. 
FIG. 11 is a schematic view of a multiple input opto 

electronic combinational logic according to the present 
invention. 
FIG. 12 is a schematic view of a 1 bit full adder ac 

cording to the present invention. 
FIG. 13 is a schematic view of a programmable Bool 

ean gate according to the present invention. 
FIG. 14 is a schematic view of a residue 3 adder 

according to the present invention. 



4,999,486 
3 

FIG. 15 is a schematic view of a 3 bit full adder ac 
cording to the present invention. 
FIG. 16 is a schematic view of a 2 bit multiplier ac 

cording to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

_ One purpose of the present invention is to provide a 
highly ef?cient optoelectronic logic array. The basic 
building block for this array is shown in FIGS. 1 and 2. 
Shown here is a metal-semiconductor-metal (MSM) 
photoconductive detector 10. The detector 10 com 
prises metal electrodes 12 and 14 on the surface of a 
semiconductor substrate 16. Electrodes 12 and 14 can 
be formed of aluminum or any other suitable material. 
Substrate 16 can be silicon, germanium, gallium arse 
nide or any other suitable material. The electrodes 12 
and 14 are spaced by a small gap 18, which can be on 
the order of a few microns. This gap is illuminated with 
light to produce electron-hole pairs, resulting in a bipo 
lar current when the electrodes 12 and 14 are biased. In 
order to obtain a large collection area for the detectors, 
each electrode has a plurality of ?ngers 22 which are 
interdigitated. 
MSM’s have demonstrated switching speeds in the 

picosecond regime. And, these devices operate with 
bipolar current. These factors enable logic arrays to be 
produced in which each gate has the same switching 
speed independent of the depth of the logic and there 
fore allow the realization of logic arrays having a com 
plexity limited primarily by signal-to-noise consider 
ation. Furthermore, MSM’s are relatively simple to 
fabricate. Consequently, as far as speed and simplicity 
of fabrication are concerned, MSM’s are the best choice 
for optoelectronic logic arrays. 

In order to use the detectors 10 shown in FIG. 1, they 
must be strung together in series or parallel circuits. 
FIG. 3 shows a series string of detectors 10. These 
detectors are illuminated by optical inputs a0, a1 and a2. 
The string will only have a low resistance when all the 
photoconductors in the string are illuminated and 
thereby constitutes a multi-input AND gate. 
FIG. 4 shows a parallel set of three detectors 10 

which will have a low conductance if any of the photo 
conductors is illuminated. This set, therefore, consti 
tutes a multi-input OR gate. A multi-input OR gate can 
also be realized by directing multiple optical inputs to a 
single detector. The mixing of AND and OR gates 
results in combinational logic. 
As discussed above, one goal of the present invention 

is to perform combinational logic as rapidly as possible. 
This is in part achieved by using a minimum number of 
electrical switching elements which inherently require 
delay and limit the depth of permissible logic before a 
back conversion to light is required. In order to avoid 
switching circuits to provide an inverted parameter, 
complementary logic is used. In this manner, the com 
plements of all parameters are available at all times. This 
requires that complementary inputs and outputs be used 
between the circuits. FIG. 5 shows one circuit for pro 
ducing such complementary outputs and inputs. 
The circuit of FIG. 5 includes a voltage source 24, a 

variable resistor 26, a ?rst electrical to light conversion 
element 28 connected in series with the resistor 26, and 
a second resistor 30 connected between the electrical to 
light conversion element 28 and ground. A second elec 
trical to light conversion element 32 is connected in 
series to a third resistor 34 between a voltage source 36 
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4 
and the junction between resistor 30 and electrical to 
light conversion element 28. The electrical to light 
conversion elements can be LEDs, laser diodes, modu 
lators, or any other suitable device as would be apparent 
to one skilled in the art. The voltage sources 24 and 36 
have the same negative value relative to ground. 

In operation, as the value of resistor 26 is varied, the 
values of currents I1 and I2 are also varied. With the 
value of resistor 26 being R1, the value of resistor 34 
being R2 and the value of resistor 30 being R3, it will be 
understood that as R1 becomes much greater than R2 
and R3, the current through conversion element 28, I1, 
will be reduced to zero and the current through conver 
sion element 32, I2, will increase. Thus, conversion 
element 32 will illuminate and conversion element 28 
will extinguish. Just the opposite is true if R1 becomes 
much small than R2 and R3. That is, in this case, current 
11 will increase illuminating conversion element 28 and 
current I2 will go to zero extinguishing conversion 
element 32. 

Returning to FIG. 3, it will be understood that in the 
optoelectronic circuit of the present invention, a combi 
national logic circuit comprising detectors 10 is substi 
tuted for the resistor 26. Thus, the illuminated states of 
the conversion elements 28 and 32 represent comple 
mentary outputs of the cornbinational logic. 
FIG. 6 shows one possible orientation of the output 

for a logic circuit according to the invention. The cir 
cuit itself is represented by a logic signal supplied to an 
ampli?er contained in an integrated circuit chip 40. This 
circuit must be interfaced with other chips containing 
other logic circuits, with busses, etc. As shown in FIG. 
6, to conserve space the output from the electrical to 
optical conversion devices 28 and 32 is taken along the 
edge 42 of the chip 40 by placing the elements 28 and 32 
adjacent to this edge. Clearly, the next circuit, buss,‘ etc. 
could receive the signals along its edge also. 
FIG. 7 shows an alternative con?guration for pro 

ducing complementary outputs. This embodiment com 
prises an integrated electro-optic switch which can be 
either an X-crossing for single mode operation or a total 
internal re?ectance (TIR) switch for multimode opera 
tion. Such switches are well known, per se. The em 
bodiment shown in the drawings comprises a pair of 
waveguides 46 and 48 crossing at a junction 50. Elec 
trodes 52 and 54 are positioned at the junction 50 and 
control the path of light input at one end of waveguide 
48. Based on the input voltage 56 at electrode 52, elec 
trode 54 being grounded, the light is output through 
waveguide 46 or waveguide 48. The input voltage 56 is 
the output of a cornbinational circuit so that the output 
from the waveguides 46 and 48 represent complemen 
tary outputs from the combinational logic. 
FIG. 8 shows one way to interface the switch 44 with 

a combinational logic circuit. The logic signal is trans 
mitted along line 60 and this current signal is turned into 
a voltage signal in transimpedance ampli?er 62. The 
signal is then passed through bonding pad 64 and wire 
bond 66 to electrode 52. 
FIG. 9 shows an optoelectronic substrate 70 for the 

realization of a programmable boolean logic array ac 
cording to the invention on a planar chip package. This 
substrate contains any sources, detectors and current 
ampli?ers needed. FIG. 10 shows an optical substrate 
72 which is positioned over the optoelectronic substrate 
70 to form a complete logic array. This substrate con 
tains waveguides and scattering patches for inputting 
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light signals to the substrate 70, as will become apparent 
from the discussion below. 
As seen in FIG. 9, the substrate 70 includes a bonding 

pad 74 connected to a voltage source providing a nega 
tive voltage to each of a plurality of parallel lines con 
taining photoconductive detectors 10. Each detector 10 
represents a different parameter as indicated on the 
drawing. For example, in the ?rst line the ?rst two 
series connected detectors represent the variables X1 
and X2 and a third detector represents a control param 
eter C1. The control parameter C1 receives a control 
input to make the logic array programmable. In other 
words, if the first line is to be used in the logic array, an 
input is provided to control parameter C1. In like man! 
ner, the second line has a control parameter C2, the 
third line has a control parameter C3 and the fourth line 
has a control parameter C4. The output is taken through 
a complementary electrical to optical output circuit as 
described in FIG. 5 and FIG. 6. 
As is apparent from FIG. 9, the variable parameters 

represented are X1, X2 and their complements. The 
four lines represent four possible combinations of these 
parameters. Such a substrate can be prepared for any 
number of variables and any combination of variables 
making full programmability possible. The lines are 
arranged in a linear (noncrossing) arrangement which 
allows for high speed microwave stripline type fabrica 
tion. 

Optical inputs to photodetectors 10 are provided 
through the substrate 72 which has a plurality of optical 
waveguides 75-82. Each waveguide receives an optical 
signal representing one of the parameters X1, X2, their 
complements and each of the control parameters. 
Each waveguide includes an optical scattering patch 

84 positioned to input the appropriate light signal to the 
appropriate underlying photodetector 10. In other 
words, the two scattering patches 84 in the column 
representing the parameter X1 overly the photodetec 
tors representing this same parameter. A similar situa 
tion holds for the scattering patches in the other col 
umns and photodetectors representing the other param 
eters. 
The operation of scattering patches in optoelectronic 

circuits is disclosed in US. patent application Ser. No. 
07/219,276 ?led July 15, 1988, the disclosure of which is 
incorporated herein by reference. A reversible form of 
scattering patch 86 allows coupling of the electrical to 
optical conversion devices 28 and 32 back into the opti 
cal substrate 72. Waveguides 88 and 90 then provide 
complementary optical output signals. If this type of 
arrangement is undesirable, the sources 28 and 32 can be 
positioned to emit from the side of the substrate, as 
discussed above relative to FIG. 6. Another alternative 
is the use of a transimpedance ampli?er and a suitable 
integrated optical switch as discussed above in connec 
tion with FIGS. 7 and 8. This switch could be inte 
grated into the optical substrate 72 and the electrodes 
could be connected to the optoelectronic substrate 70 
using indium bump technology. Another alternative is 
to use a third substrate with wire bonds performing the 
electrical connections as shown in FIG. 8. 
As mentioned above, an alternate realization of an 

OR gate comprises multiple light inputs directed to a 
single photoelectric element. This can be accomplished 
by directing multiple waveguides to the same scattering 
patch 84. An example of this technique is shown in 
phantom FIG. 10 where a second input Y is directed to 
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6 
the same scattering patch 84 as input X1, resulling in the 
O-ring of X1 and Y. 
FIG. 11 is a schematic diagram of a particular logic 

circuit according to the present invention. This circuit 
is a realization of the logic function: 

where a1-a10 indicate input parameters. As will be 
understood, the circuit of FIG. 11 can be formed using 
substrates similar to those in FIGS. 9 and 10. 
FIG. 12 shows a one bit full adder realized using the 

present invention. Here, the bits to be added are Ai and 
Bi. Ci indicates a carry bit. The result of the addition is 
the sum Si and the carry forward is indicated by the bit 
Ci+ 1. As with the circuits described above, this is a full 
complementary circuit which outputs the sum Si and its 
complement as well as the carry bit Ci+] and its com 
plement. Again, substrates similar to those in FIGS. 9 
and 10 can be used to form this circuit. As is apparent 
from the foregoing, it is a straightforward matter to 
determine the boolean equation describing this circuit. 
FIG. 13 is a schematic representation of the circuit of 

FIGS. 9 and 10. Here, it can easily be seen that, if there 
are to be no crossed lines, the actual construction of a 
circuit must include a separate optical strip for each 
parameter and its complement. That is, in the schematic 
diagrams, the parameters and their complements are 
shown in the same vertical column. Separate columns 
are needed in the actual physical realization of the cir 
cuit, as is apparent by comparing FIG. 13 with FIG. 10. 
FIG. 14 shows a multiple level logic circuit imple 

mented in accordance with the present invention. The 
circuit of FIG. 14 is a residue 3 adder. In this circuit, 
there are two inputs and one output. A one-of-many or 
positional notation is used. ‘ 

Residue arithmetic is well known and will not be 
described in detail here. The two inputs of the adder of 
FIG. 14 each contain three lines indicated by 0, 1, and 
2. These lines indicate the remainder of a number when 
divided by three. The output from electrical to optical 
conversions devices 100, 102 and 104 indicates the re 
mainder of the sum of the numbers at inputs one and 
two after it is divided by 3. 
FIG. 15 is a three bit full adder implemented in accor 

dance with the present invention. The boolean equation 
for this adder is apparent from the circuit diagram. This 
adder will have a similar complexity for large bit num 
bers (32-64) as a residue system having similar range. 
FIG. 16 is a two bit binary multiplies. Once again, the 

boolean equation for this circuit is apparent from the 
circuit itself and will not be discussed. This type of 
circuit can be expanded to accommodate larger num 
bers, but grows very large. 
The foregoing description is intended to illustrate the 

present invention, but not to limit its scope. Clearly, 
numerous additions, substitutions and other changes 
could be made to the invention without limiting the 
scope thereof as set forth in the appended claims. 
What is claimed is: 
1. An apparatus, comprising: 
a semiconductor substrate; 
element de?ning means for de?ning a plurality of 

photoconductive elements in said semiconductive 
substrate; 

connecting means for connecting said photoconduc 
tive elements to form combinational logic gates; 
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light directing means positioned above said semicon 
ductor substrate for directing light representing 
logic parameters to photoconductive elements of 
said logic gates; 

wherein said combinational logic gates have comple 
mentary inputs and complementary outputs such 
that combinational logic can be carried out using 
only AND and OR gates. 

2. An apparatus as claimed in claim 1 wherein said 
element de?ning means and said connecting means 
comprise a metallization layer over said semiconductor 
substrate. ' 

3. An apparatus as claimed in claim 2 wherein said 
light directing means comprises an optical substrate 
having a plurality of waveguides over said metallization 
layer. 

4. An apparatus as claimed in claim 3 wherein said 
waveguides include scattering patches positioned over 
certain of said photoconductive elements. 

5. An apparatus as claimed in claim 1 wherein said 
element de?ning means comprises a pair of spaced 
metal electrodes having interdigitated ?ngers. 

6. An apparatus as claimed in claim 5 wherein said 
metal electrodes are spaced by a distance of less than .5 
microns. 

7. An apparatus as claimed in claim 1 wherein said 
connecting means connects a plurality of said photocon 
ductive elements in series to form an AND gate. 

8. An apparatus as claimed in claim 1 wherein said 
connecting means connects a plurality of said photocon 
ductive elements in parallel to form an OR gate. 

9. An apparatus as claimed in claim 1 wherein said 
complementary outputs include paired light emitting 
elements. 

10. An apparatus as claimed in claim 1 wherein said 
connecting means connects a plurality of said photocon 
ductive elements to form a one bit full adder from only 
AND and OR gates. _ 

11. An apparatus as claimed in claim 10 wherein said 
full adder comprises a ?rst plurality of paths connected 
in parallel, each containing a set of series connected 
photoconductive elements, a second plurality of paths 
connected in parallel, each containing a set of series 
connected photoconductive elements, said light direct 
ing means passing light signal representing a ?rst pa 
rameter to be added and it complement, a second pa 
rameter to be added and it complement, and a carry 
signal and its complement to said photoconductive ele 
ments. , 

12. An apparatus as claimed in claim 1 wherein said 
connecting means connects a plurality of said photocon 
ductive elements to form a residue adder from only 
AND and OR gates. 
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8 
13. An apparatus as claimed in claim 1 including 

means for generating complementary light signals to be 
directed by said light directing means. 

14. An apparatus as claimed in claim 13 wherein said 
means for generating complementary light signals com 
prises a first electrical to optical signal transducer, a 
second electrical to optical signal transducer, and means 
for driving either one or the other of said electrical to 
optical signal transducers in dependence on an input 
signal. 

15. An apparatus as claimed in claim 13 wherein said 
means for generating complementary light signals com 
prises an integrated optic switch. 

16. An apparatus as claimed in claim 15 wherein said 
integrated optic switch is an X-crossing switch. 

17. An apparatus as claimed in claim 16 wherein said 
integrated optic switch is a total internal re?ectance 
(TIR) switch. 

18. An apparatus as claimed in claim 17 wherein said 
means for generating complementary light signals is 
connected to produce complementary input signals for 
said combinational logic. 

19. An apparatus as claimed in claim 14 wherein said 
means for generating complementary light signals is 
connected to produce complementary output signals in 
response to said combinational logic. 

20. An apparatus as claimed in claim 1 wherein said 
light directing means includes inputs for parameters, 
complements of parameters and control signals, said 
control signals being directed to photoconductive ele 
ments in series with combinational logic gates to control 
their outputs. 

21. An apparatus as claimed in claim 1 including 
control elements positioned to control the form of com 
binational logic to provide programmable combina 
tional logic. _ 

22. An apparatus as claimed in claim 21 wherein said 
control elements are photoconductive elements and 
wherein said light conducting means selectively directs 
light to said control elements to enable the form of said 
combinational logic to be altered. 

23. An apparatus as claimed in claim 1 wherein said 
OR gates are formed by multiple optical inputs to one 
photoelectric element. 

24. A method comprising: 
in an optoelectric combinational logic circuit having 

photoelectric elements connected to form AND 
and OR gates, 

illuminating said photoelectric elements with optical 
signals representing input parameters and their 
complements, and 

producing output signals representing output parame 
ters and their complements based on said combina 
tional logic. 
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